AD-A282  245 

■llllllll 

AIAA  92-2755 

Design  Trade-Offs  For  Homing  Missiles 

Allen  Spencer 
Delta  Research,  Inc. 

Huntsville,  AL 


William  Moore 
Mevatec,  Inc. 
Huntsville,  AL 


94-22203 

IHHIMlilllM 


PTIC 

-ECTEi 

.2219941 

B  i 


D 


94 


7  1.4  081 


DTie  QUALITY  INSPECTED  6 


AIAA  SDIO  Annual  Interceptor 
Technology  Conference 

May  1 9-21 , 1 992  /  Huntsville,  AL 


For  permission  to  copy  or  repubiish,  contact  the  American  Institute  of  Aeronautics  and  Astronautics 
370  L’Enfam  Promenade,  S.w.,  Washington,  D.C.  20024 


DESIGN  FOR  HCAONO  MISSILES 


AQen  Spenoer 
DriU  RMMidi.  Inc. 
HuatwaW,  AL 

William  Moom 
Mevatee,  Inc. 
(brntsvaie,  AL 


Abatract 

Major  deaiga  ooosideratioiia,  tradeK>fEi  and 
tedmdogy  issues  for  ftitaie  hypeivelocity,  anti-missik 
mteroeptcna  are  presented  in  an  oweiview  foimaL  IVio 
dasses  of  inteiceptors  are  considered:  a  low  altitude 
interceptor  using  an  active  radar  seeker  for  defense 
against  tactical  ballistic  missiles  (TBMs)  and  a  h^her 
altitude  intercepttM'  udng  a  paasiwe  mfraned  seeker  for 
defense  against  ICBMs.  Consideratioiis  are  presented 
in  the  areas  of  mission  requirements,  aedcer  selection, 
aero<fynamic  and  aerotbermal  environments,  control 
systems,  and  guklanoe  performance. 

Introduction 

A  notable  aspect  in  the  design  of  modem 
homing  missiles  is  the  tremendous  vaiieqr  of  cbaiees 
affinded  by  new  and  emerging  tedmologiea.  Miniature 
avionics,  small,  high  thrust  to  weight  ratio  rodcet 
motors,  li^btwei^  hi^  throughput  computers, 
sensitive  and  accurate  focal  (dane  arr^  detectors, 
activdy  cooled  seeker  windows,  solid  state,  millimeter 
wave  ^  devices  and  fest  electro-medianical  actuators 
represent  a  few  examples  that  give  the  missile  designer 
a  great  deal  of  fieedom.  However,  the  gtq)  between 
what  has  been  integrated  and  tested,  and  adiat  these 
new  tedmologies  can  potentially  support  is  wide  and  is 
growing  wider.  In  addition,  configi^ions  whidi  ate 
optimum  for  a  particular  mission  requirement  are 
largely  unknown.  These  factors  introduce  uncertainty 
into  prdiminaty  designs  and  make  the  selection  of 
subsystem  components  difiScult. 

Integrating  state-of-the-art  interceptor 
technologies  into  candidate  ^sterns  b  both  time 
consuming  and  costly.  It  requires  the  support  of 
analysts  in  propulsion,  aerodlytiamics,  seeker  design, 
power  ^stons,  inertial  instrummitation,  data  and  signal 
processing,  fli^t  dynamics  and  control,  and  guidance 
software  and  hardware.  Mat^  different  combinations 
ate  possible  that  adiieve  a  given  performance  goal 
requiring  the  evaluation  of  a  tnmiber  of  candidate 
interceptor  designs.  The  objective  is  to  develop  designs 
which  are  balanced  in  terms  of  subsystem  requirements 
and  are  robust  to  the  uncertainties  ^use  in  battle.  The 
purpose  of  this  paper  is  to  introduce  for  the  ^>ecialist 
a  number  of  general  design  considerations  and  trade- 
ofife  adiich  can  have  a  major  impact  on  the  final  design 


and  petftxmanoe.  The  subject  is  treated  in  an  overview 
finmat  in  die  mtereat  r^bieviqr. 

Oeneral  Coosideratioos 

The  design  process  for  a  homing  mteroeptor 
begins  with  the  (Mnitko  of  a  masian  or  dMnided 
area,  the  threat  targets,  and  die  desired  probability  of 
inteteept  or  lethaliqr.  These  quantities  are  then  used  to 
derive  the  required  misB  distance.  The  fundammital 
measures  of  perfocmance  tor  the  mteroeptor  are  the 
statistical  miss  distanoe  and  *the  divm  distance 
achievable  against  a  given  target.  Therefore,  these 
quantities  wiO  have  the  greatest  mflunce  on  the  final 
vehide  and  component  dedgns.  The  systems  migineer 
or  guidance  engineer  must  derive  error  budgets  and 
specificatioas  for  each  of  the  mqor  sub^stems 
including  the  sedcer,  the  IMU,  the  controls  and 
guidance  processor.  This  process  is  illustrated  in  Figure 
1. 

Each  error  source  and  contributor  to  mfae 
distance  must  be  studied  and  balanced  among  the 
various  subqntems  before  impmtant  hardware  dedsions 
are  made.  Componmit  ipecialists  are  then  tasked  to 
design  hardware  whidi  meets  the  derived  performance 
^ledfications  and  mass  allocations.  Sensitivity  studies 
identify  the  m^r  subqrstem  performance  and  mass 
trends  whidi  are  then  communicated  back  to  the 
systons  engineer  adio  must  rebalance  and  reconfigure 
the  vehide  to  give  the  best  overall  performance  without 
oveistressing  a  particular  component.  In  this  way  an 
interactive  process  is  establidied  that  win  yield  an 
optimal  vehide  design  that  satisfies  aO  the  requiremenu 
and  the  government  customer. 

Several  significant  trends  for  anti-misdle 
defense  mterceptors  have  qipeared  in  the  last  severd 
years.  These  indude  smaller  aze  and  limiter  mass 
componoits,  increased  homing  accuracy  and  use  of 
strap-down  seekers. 

Perhaps  the  most  significant  recent  trend  in 
interceptor  missiles  is  toward  smaU,  compact, 
lightwdght  conjurations.  This  is  made  possible  dw  to 
research  and  development  of  enabling  tedmologies  by 
the  Strategic  Defem  Initiative  and  its  supporting 
agencies.  Asmall,  light  interceptor  is  desired  to  reduce 
the  handling,  transportation  a^  deployment  cost  and 


FIGURE  1  Baak  Interceptor  Deeign  ReqoireHenta  Proeeee 


the  cost  of  the  anal  piopulskn  booster  required  to 
deliver  the  guidance  equipment  payload  to  the  interoept 
location. 

One  method  of  reducing  the  size  and  mass  of 
the  interceptor  during  the  homing  i^iase  is  to  stage  the 
guidance  and  control  section  off  the  booster  propulsion 
to  leave  a  loll  vehicle”  (KV)  whidi  contains  aQ 
functions  necessary  to  acquire,  track,  home  on  arxi  kill 
a  target.  Without  the  mass  burden  of  a  ^>ent  rodeet 
motor  the  KV  control  subsystems  and  structural 
requirements  can  be  reduced.  Another  method  to 
a^ieve  a  small  KV  is  to  require  that  the  guidance 
accurtu^  support  a  direct  impact  of  the  KV  with  the 
target  missile  body.  This  eliminates  the  need  for  a 
heavy  warhead  renting  in  a  lifter,  less  comi^ez  and 
safer  KV  design.  There  is  a  limit  to  how  small  a  kill 
vehicle  can  be  made  and  still  remain  an  effective 
weqx«.  Obviously,  as  you  reduce  the  size  of  the  KV 
airframe,  the  available  area  for  the  seeker  coUectir^ 
aperture  is  also  reduced  thereby  decreasing  the  resulting 
seeker  resdution,  angular  accuracy,  arxl  acquisition 
range.  Since  tlw  miss  distance  perf<»mance  is  a  strong 
function  of  the  sedrer  angular  measuranent  accuracy, 
there  will  be  a  lower  limit  on  KV  diameter  wfai^ 
constrains  the  design.  This  effect  is  mote  pronounced 
at  RF  wavelengths  than  for  visiUe  or  IR  seekers. 
Another  consideration  that  sets  a  lower  limit  on  KV 
mass  is  the  target  destruction  capability  or  lethality. 
Even  if  a  guided  B-B,  traveling  at  extreme  velocities. 


could  be  made  to  hit  an  RV  target,  it  may  not  destroy 
or  distupt  it  ernugh  to  prevent  warhead  ddonation  or 
dispersd  of  diemical  agents.  Sdentists  exploring  this 
aspect  of  the  defense  system  have  determined  that  there 
is  a  minimum  mass^-target  requirement  as  well  as  a 
minimum  kinetic  energy  of  impact  leqmremerrt  for  a 
KV  to  have  a  high  probabOity  of  completely  destroying 
its  target.  AnoUier  significant  trend  is  for  increased 
q)eed  which  decreases  the  flyout  time  to  the  interoept 
location.  This  reduces  the  range  requirements  on  fire 
control  sensors  arxl  still  allows  large  defense  coverage. 
The  hi^  speed  creates  a  number  of  aerodynamic  and 
aerothermodynamic  problems. 

To  summarize  the  above  points,  smaller, 
lifter,  more  compact  KVs  are  desired,  but  there  are 
practical  arxl  operational  limits  which  may  constrain  the 
minimum  ^  arxl  maximum  ^>eed  over  arxl  above  the 
theoretically  smallest  and  fastest  homir^  package  that 
can  be  achieved  using  the  latest  tedmologies. 


Assume  that  misskn  arudysis  has  detennined 
a  requirement  for  mteroeptmg  tactical  ballistic  missiles 
at  10  km  altitude  arxl  that  the  intetoeptor  dxxrld  be 
traveling  at  U  to  2.0  km/s  to  enforce  the  defense 
timeline  constraints. 


Seeker 

InteioepU  at  10  km  ahibide  inq>ty  tfaat  tbe 
aeeker  will  begin  operatioa  at  altitudes  of  S  to  8  km. 
Thetefon,  die  picseooe  of  rain  and  snow  must  be 
oonsideied  in  tbe  dioioe  of  sedcer  qrpe.  Actiw  RF 
sedcMS  am  less  affected  lytaiget  signal  attenuatko  and 
inteifbmooe  due  to  sevem  weather  conditions  divi  am 
passive  infraHed  seekers.  Ihe  desim  for  good 
resolution  with  compart  sin  and  reasonable  weight 
narrows  the  frequency  dmioes  to  35  and  94  OHz.  Both 
at  these  frequencies  suffer  from  some  amount  of 
atmoqiheric  attenuatkn  due  to  water  vapor  and  ram 
with  94  GHz  eipeiiencing  the  greater  level 
attenuation.  However,  a  94  (Hlz  seeker  will  have  better 
angular  measurement  aocuraqr  for  a  given  antenna 
diameter.  These  oonsideratioos  am  summarized  in 
Table  L 

Table  1  RF  Seeker  Requency  Consideiations 
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greater  for  engagements  which  am  to  the  rear  of  the 
interoeptor  launch  site  efoem  finwaid  is  toward  the 
target  launch  site.  Also  diown  on  this  figure  am 
practieal  scan  an^e  limitatinna  for  gimballed  and 
strapdown  antenna  qntems.  Strapdown  radar  anteimas 
suffer  a  large  amount  of  beam  shiqie  degradation  with 
an  associated  loss  at  aocuraqr  as  the  beam  is 
beyond  45*  to  the  anteima  fiwe.  Therefore,  mar 
intereept  ranges  will  be  limited  to  about  10  km  for  kill 
vehicles  using  strapdown  seekers  and  employing 
aerodynamic  maneuver  controL  If  rochet  motors, 
arren^  about  the  vehide  center  gravity,  can  be 
used  for  the  homing  maneuvers  then  any  ar^e  of  attack 
win  be  smaU  and  more  tear  defense  coverage  can  be 
achieved. 


The  field  of  regard  (FOR)  or  maximum  scan 
angle,  shown  in  Hgure  2,  is  an  important  requirement 
for  the  seeker  design.  This  parameter  is  ptimarny 
determined  by  the  maximum  engagement  crossing  an^e 
but  is  also  affected  by  the  IMU  flyout  errors,  the  target 
position  uncertainty  at  the  time  of  acquisition,  and  the 
vehide  maximum  an^e  of  attack. 


Figure  3  shows  the  FOR  requirement  as  a  function  of 
the  intercept  range  for  an  eumple  target  The  FOR  is 


Strapdown  seekers  are  desired  because  they 
elimmate  costly,  heavy  gimbal  sets  and  are,  therefore, 
more  accurate,  rugged  and  compact  However,  there 
are  also  drawbacks  sudi  as  the  one  mentioned  above 
and  the  feet  thatstrqidown  seeker  guidance  ^sterns  are 
more  semitive  to  certain  seeker  errors  induding  scale 
firator,  quantizatioa  errors,  and  vehide  structural 
resonances.  Strapdown  sedeers  also  require  greater 
IMU  gyro  resolutioo  and  bandwidth. 


FIGURE  5  Beamwidth  (FOV)  Requiwawnti  vs  Quidanoe  Reapcaae  Hme 


Hgura  4  diowB  the  lelationrtip  between  the 
seeker  acquisition  range,  the  wdn^  nuneuver 
cifubility  and  the  crass  range  enor  or  mitial  min 
distance  that  can  be  removed  during  homing.  Three 
levels  of  maximum  initial  error  are  drown  coneyonding 
to  interoeptor  fli^t  times  10,  20  and  30  secnids. 
This  error  is  due  primarily  to  the  target  positioo 
uncertainly  and  to  the  KVs  IMU  gyro  misalignment 
error  arid  random  drift  rate.  The  vehicle  maneuver 
curves  assume  a  proportkxial  navigation  gain  of  3.0. 
This  analysis  indi^tes  that  the  seeker  should  have  an 
acquisition  range  of  6.0  to  7.0  km. 

Another  mt^r  requirement  for  the  seeker 
design  is  the  ai^ular  measurement  accuracy  (AMA). 
This  parameter,  largely  a  fiinctkm  of  the  signal-to«oise 
ratio  (S^  and  the  effective  beamwidth,  is  the  primary 
determinant  of  miss  distance  capabiltqr  and  so  it  must 
be  analyzed  in  detail  so  that  tte  dedred  Ph  can  be 
achieved.*  Rgure  S  presents  a  tradeK>ff  of  beamwidth 
versus  the  guidance  and  control  ^ntem  closed  loop 
retqxxise  time  to  achieve  a  tms  miss  distanoe  of  0.13iil 
The  required  anteima  diameter  fin*  33  GHz  and  94  GHz 
is  also  shown.  This  Qrpe  of  analysis  is  used  to  balance 
the  seeker  accuraqr  with  the  teqwose  time  of  the 
guidance  filter  plus  the  control  subqfstem.  It  is  seen 
from  this  figure  that  a  94  GHz  sedter  with  an  anteima 
diameter  of  .13m  (AMA  «•  0.4mrad)  and  operating  at 
a  100  Ifr!  data  rate  will  require  a  guidance  and  control 
subqstem  capaUe  of  achieving  a  30  to  6Qmsec  re^ioose 
time.  If  the  sedter  can  ddiver  a  200  Hz  data  rate  then 
the  response  time  can  be  relaxed  to  about  100  msec. 

The  selection  of  radome  shape  and  materid  is 
integral  with  the  selection  wavdength  and  antenna 


diameter.  A  low  drag  nose  shape  with  large  fineness 
ratio  (-3)  will  also  have  large  radome  boresi^  error 
dopes  thd  tend  to  destabSize  the  control  subsystem  and 
d^rade  the  misB  distance  performance.  This  is  diown 
in  Rguie  6  for  silicon  nitride  and  dip  cast  fined  silica 
materials.  Lower  fineness  ratios  (L3  to  2.0)  combined 
with  10  to  20%  nose  blunting  (a  hemispbericd  nose 
cap)  can  rignificandy  reduce  the  heat  transfer  rate  to 
the  radome  and  reduce  the  mean  boresigbt  error. 


FIGURE  6  Boresight  Error  Slope  Times  Antenna 
Diamder  vs  Drag  Coefficient 


There  are,  course,  many  additiond  trade- 
offe  and  error  sources  to  be  considered  in  the  design  of 
the  seeker  with  the  above  exanqries  serving  to  illustrate 
some  of  the  basic  princqdes  and  coosidetations 
involved. 


Cootiob  SiAwHcti 

The  fimdameiiUl  meMum  ofp«rfonB«ioe  for 
a  homiiig  minile  are  the  totd  maneuvn’  capabflity  and 
the  adJevable  mis  diBance.  deaity,  the  oontrol 
nbayiteiii(8)  will  inlhience  both  theae  quantities.  Ihe 
maneuver  capability,  usually  measured  in  teim  of  lateral 
g’s.  determines  the  msodmian  initial  miss  distance  thm 
can  be  removed  during  the  homing  phase  and  influenoes 
the  miss  distance  against  a  maneuvering  target  The 
mks  distarKe  is  a  strong  ftmction  of  the  overall 
guidance  reymse  time,  whkh  in  turn  is  a  fonction  of 
the  control  subtystem  response.  Therefore,  the  total 
control  authority  and  spe^  of  response  afforded  by  a 
particular  design  will  determine  the  miss  distaim 
performance. 

The  oontrol  authority  required  is  determined 
by  several  contributions:  mid^rae  corrections  due  to 
target  updates,  homing  divert  due  to  initial  heading 
error,  target  maneuver  during  homing,  and  spurious 
commands  due  to  noise.  The  total  amount  of  control 
authmity  in  terms  of  dV  in  g-seconds  can  be 
estimated  by  the  relatioo 
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where  3:  midoourse  correction 

M,  3  initial  miss  distance  to  be  removed 
C,  »  target  maneuver  level 


Tk  s  homing  time  (T  a  0  at  intercept) 
T,  =  time  of  midoourse  update 


(referenced  to  intercept  time) 
G  —  guidance  gaitL 


FIGURE  7  Control  Authority  Requirements 


maneuvn  levd  and  control  aulhonty  trades  are 
presented  in  Rgure  8  as  a  fonction  of  die  homing  time 
for  target  maneuver  levels  of  sero  and  sis  g’s.  Larger 
values  of  guidanoe  gain  result  in  higbn  g  level 
requirementt  for  the  kiOvehide  but  reAioe  the  required 
control  authority. 

Aerodynnnic  coiUrol  surfaces  are  the  standard 
method  for  controlling  endoatmotyrheric  misiaes. 
However,  certain  performance  and  technolo^eal 
limitations  of  aero-control  surfoces  provide  the 
motivation  for  the  use  of  reaction  duust  controls. 
Aerodynamic  controls  provide  good  maneuver  wmina 
for  range  flyouts  and  midoourse  maneuvms. 
However,  reaction  thrust  controls  cm  reduce  die 
guidance  reqioose  time,  thereby  improving  performance 
against  target  maneuvers  and  seeto  noise. 

Reaction  thrust  control  uses  liquid  or  solid 
rodcet  motors  arranged  longitudinally,  to  effect  dianges 
in  a  missile’s  flight  path  heading.  This  cm  be 
accomplished  by  placing  the  thrusters  about  the  missile 
cmter  of  gravity  (eg.)  to  provide  direct  divert  c^ability 
or  by  placing  the  thrusters  either  fore  or  aft  of  the  eg. 
to  cause  a  rapid  rotatioo  of  the  missile  airframe. 
Lateral .  maneuver  forces  then  result  from  the 
aerodynamic  interaction  of  the  missile  body  due  to  the 
induct  angle  oi  attack.  Rgure  9  summarizes 
consideratioos  for  the  selection  of  the  control  thruster 
location. 


Cg.  thrusters  offer  the  fastest  reqxmse  but 
require  a  large  thrust  cqiability  to  directly  provide  a 
mmeuver.  Aft  thrusters  rotate  the  missile  body  to 
provide  m^e-of-attack  but  the  thrust  is  opposite  to  the 
desired  mmeuver  direction.  Forward  thrusters  also 
rotate  the  aLfrrame  to  provide  m  an^e-of-attack  and 
have  the  benefit  that  the  thruster  force  is  in  the  desired 
mmeuver  direction.  In  addition,  forward  location  of 
the  thrusters  usually  provides  a  longer  torque  moment 
arm  thm  aft  locations  since  the  eg.  of  most  missile 
configurations  will  be  closer  to  the  aft  end  of  the 
missile.  Packaging  consideratioos  usually  favor  aft 
thruster  configurations. 

The  combinatkxi  of  control  types  may  be 
optimum  for  mmy  applications.  For  example,  aero- 
control  surfoces  or  attitude  control  thrusters  cm  be 
used  for  divert  early  in  the  homing  {rfiase  with  eg. 
thrusters  used  in  the  final  few  tenths  of  a  second  to 
improve  accuraty  and  to  reduce  sensitivity  to  parasitic 
guidmee  effects  such  as  the  radome  boies^t  erm 
slope. 


The  basic  equations  for  determining  the 
contrd  force  and  impulse  requirements  are  shown  in 
Rgure  10.  In  order  to  develop  control  subtystem 
requirements  and  performmee  estimates  a 


The  geometry  is  illustrated  in  Rgure  7.  Example  KV 


FIGURE  8  Control  System  Requirements  vs  Homing  Time 


FIGURE  9  Configuration  Sdection  fiir  Reaction  Umist  Control 


representative  KV  configuration  is  defined  as  a  baseline 
for  study  and  trade-ofi&.  The  baseline  KV  parameten 
are: 

mass  -  20  kg  ^c.g.  >•  .4  m 

length  -  0^  m  ^c.p.  -  .45  m 

diameter  >  0.18  m  I^sl„>>1.8kg^^ 

0!^  S  15*  4,  «  .13  kg-ffl* 

The  required  control  foroe  as  a  fimction  of  the  ratio 
fc/fsm  is  given  in  Figure  11  where  the  derived 
maneuver  levd  is  taken  as  25  g.  The  total  control 
impulse  requirement  for  a  U  to  2i)  see  homing  time  is 
also  shown  in  Hgure  11.  Movny  the  thrusters  forward 


of  the  eg.  just  0.05  m  (fc/fsm  s  1)  reduces  the  control 
:^«tem  requirements  by  one  half  compared  to  a  eg. 
airangemoit  It  is  also  semi  fixim  these  results  that  a 
KV  design  eni{doying  eg.  thrusters  would  require  75 
kN>s  of  stored  impulse  (AV  «  375  m/s)  to  ddiver  a  23 
g  maneuver  over  the  homing  time.  The  reqxxise  time 
of  the  thrusters  can  be  fiom  5  to  20  msec.  This 
configuratioo  would  therefore  deliver  the  minimum  miss 
distance.  Thrusters  at  other  locations  require  some  of 
the  maneuver  to  be  delivered  by  airfrane  rotation 
ahkh  introduces  an  additional  lag  time  into  the 
guidance  response  for  aiqr  given  manmiver  level. 


FIGinm  12  Maneuver  Effideocy  v*  The  Control 
Position  Ratio  (Fonvard  Umisters) 


One  measure  of  peifonnanoe  for  the  control 
subsystem  is  the  maneuver  efBciency  defined  as  the 
ratio  of  lateral  divert  distance  achieved  to  the  maximum 
theoretical  value  given  by  iy2aTH^  This  is  shown 
gr^hically  in  Figure  12  for  the  example  KV  design  and 
two  autoi^ot  response  times.  The  relatknsh^  between 
thruster  location,  fc  with  respect  to  the  og.,  and  the 
miss  distance  is  presented  in  Rgure  13  for  three  closed 
loop  autopilot  plus  airframe  re^>onse  times.  It  is  seen 
that  no  substantial  increase  in  miss  distance  is  realized 
for  fc  greater  than  about  .Im,  however,  the  control 
impulse  requirement  continues  to  benefit  from  larger  f  c 
until  about  .15m.  (fc/fsm  -  3)  . 


FIGURE  13  liifiss  Distance  and  hnpulse  vs  L, 


The  oootiol  nb^item  nun  can  now  be 
estimated  for  the  exampte  KV  by  the  fioOawing: 


Me 


(2) 


e^ure  4  *  the  required  impulse 

s  the  effective  fuel  (250) 
g  »  gravity 

X  s  propellant  mass  ratio  (M|/Mc)  (0^). 

Taking  the  requited  impulse  as  1666  Mas  the  propulsive 
contrd  subsy^m  mass  estimate  becomes  3.4  kg. 


The  guidance  fimetko  cannot  strictly  be 
assigned  to  a  particular  component  since  it  ii  die 
intenction  of  a  numbn  of  uriucie  sub^atems  whkh 
create  homing  guidance.  The  aedter  must  measure 
the  target  signal  to  eitract  mformatinn  which  is 
converted  into  an  acceletatioo  by  the 

guidance  law  algoridmis.  The  autopOot  software  then 
translates  the  output  fiom  the  guidance  law 
calculations  into  control  actuator  commands  which 
effect  a  change  to  die  vehicle  motion.  What  is  most 
often  tenned  ‘guidance*  is  the  combination  of  the 
noise  filter/eatimator  with  a  guidance  policy  or 
guidance  law. 


TABLE  2  KfissOe  Guidance  Law  Comparison 


1  GUIDANCE  LAW 

FORM 

GUIDANCE  GAIN 

1  Proportional  Guidance 

GV^i 

CCM4STANT  -  3 

1  Augumented  Proportional 
Guidance 

GV,jL 

CXWSTANT  -  3 

Optimal  Linear  Guidance 
with  Target  Maneuvers 

c\Xf*Cjk 

C,  -  G/T^,  Cj  -  G/T^ 

UM  •  G  >  3 

T  -*  0 

»» _ L _ 

Optimal  Linear  Guidance 
wfTarget  Maneuver  & 
Autc^ot  Dynamics 

C,Xt  Cr,^ 

C.  -  G 

e  ♦  XJ^  -  1 

C, --C, 

G  increases  to  -  10 
AsT^-0 

The  filter  of  dioioe  for  modem  missiles  is  the 
Extended  Kalman  Filter  vriiich  attempts  to  extract  a 
smoothed  estimate  of  the  taiget  state  in  a  non-rotating 
coordinate  ^em  based  on  sedeer  measurements 
comipted  by  vehicle  body  motions  and  various  noise 
and  bias  emns.  A  discussion  o(  the  theoiy  and 
sensitivities  for  the  selection  o(  the  guidance  fflter  is 
beyond  the  scope  of  this  ptqier,  however,  it  is  an 
integral  and  critical  aspect  for  successftil  homing. 

Guidance  law  policy  is  cleariy  an  important 
area  of  study  for  modem  homing  missiles.  At  the 


extremdy  high  dosing  velocities  and  laige  engagement 
crossing  angles  eiqiected  for  anti-missile  intercepts  the 
traditional  proportional  navigation  (PN)  law  may  be 
inadequate.  Augmented  proportional  navigation  (AJ^ 
introduces  a  compensation  term  to  PN  which  accounts 
for  target  acceleration  ncnmal  to  the  relative  line  g[ 
sight.  A  number  of  "modem”  guidanoe  laws  have  been 
derived  using  the  principles  of  linear  optimal  stochastic 
control  theoiy  in  an  attenqpt  to  improve  miss  distance 
performance  over  the  dassical  PN  laws.  Basically  these 
guidance  laws  differ  in  the  formulation  of  the  guidance 
gain.  A  comparison  is  given  in  TaUe  2. 


Optimal  guidauoe  laws  generally  provide 
improved  peifcmnanoe  over  FN  or  APN  agatnst 
maneuvering  targets  and  with  control  non-linearities 
such  as  saturation  and  bang-bang  operations.  The 
increased  comi^zity  of  these  laws  also  makes  than  very 
sensitive  to  target  assunq>tions,  boies^ht  error  slope, 
and  to  estimation  errors  in  time-to-go.  Ihe  choice 
Kalman  filter  and  guidance  law  implementation  would 
becomp  the  subject  a  detailed  study  once  the  final 
KV  hardware  design  is  com|deted  using  detailed  six 
degree-of-fieedom  dynamical  simulatioas. 

Ifieh  Altitude  ICBM  Defense 

It  is  assumed  that  mission  analysis  has 
determined  that  a  very  high  speed  endoatmo^eric 
missile  is  needed  to  perform  engagements  from  2S  to  6S 
km  in  altitude,  hfissile  ^leed  at  target  acquisition  time 
is  required  to  be  about  3.0  to  4.0  km/s  to  enforce  a 
large  protective  coverage  area. 


Seeker 

The  desire  for  a  small,  compact,  low  mass  kill 
vehicle  dictates  that  a  hit-to4dll,  no-warfaead  approadi 
be  pursued.  This  implies  that  very  accurate  seeker, 
guidance  and  control  subsystems  will  be  needed. 

As  the  ICBM  reentry  vehicle  (RV)  enters  Ithe 
atmosphere  it  will  heat  up  providing  significant 
radiati<m  for  a  passive  infra-red  seeker.  Figure  14 
shows  a  typical  r^ant  intensity  profile  as  a  function  of 
altitude. 


FIGURE  14  Target  Radiant  Intensity  in  3-5  p  Band 

The  high  speed  flight  of  the  KV  will  generate 
significant  aerotheimal  heating  of  the  seeker  window 
and  outer  structure.  This  is  mote  critical  at  lower 


altitudes  where  the  air  density  is  greater.  The  shodi: 
wave  and  heated  boundary  layer  will  disrupt  and 
attenuate  the  target  signal  and  irradiation  frtxn  the 
heated  seeka  window  materid  itsdf  will  reduce  the 
target  contrast.  At  low  altkudes  some  sort  of  cooling 
mechanism  must  be  provided  for  the  witKkw  for 
material  survival  and  to  prevent  a  saturation  of  the 
(ktectms  due  to  wirKlow  emission.  The  cooling  scheme 
may  involve  eitha  external  or  intemal  cooling  fluids 
over  the  window  or  an  edge  cooling  approadi  using  a 
heat  pipe^eat  sink  apparatus.  The  use  of  cooling  fluid 
increases  the  target  signal  disruption. 

All  of  the  above  phenomena  have  been  teimed 
”Aero-optical  (AO)  effects*.  The  study  of  these  effects 
and  their  interaction  with  the  seeker  operations  and 
with  the  guidance  implonentaticm  are  major  areas  of 
research  and  development  within  the  Strategic  Defense 
Initiative.  The  AO  effects  can  be  separated  into  image 
boresight  shifts  or  boresight  error  (BSE),  jitter  or  image 
dancing,  blur  or  image  ^reading  and  attenuation  or 
reduction  in  the  target  intensity.  This  is  iUustrated  in 
Hgure  15.  All  of  these  effects  degrade  the  miss 
distance  performance.  The  table  indicates  the  relative 
contribution  from  each  source  to  the  total.  It  is  seat 
that  if  ways  can  be  found  to  eliminate  the  requirement 
for  external  coding  fluid  then  the  AO  effects  can  be 
reduced  by  an  order  iff  magnitude. 


The  bow  shock  is  the  major  source  of  BSE,  but 
this  effect  can  be  predicted  and  therefore  compensated 
in  the  seeker  signal  and  data  processing.  The  other 
effects  are  not  well  understood.  The  usual  approadi  is 
to  estimate  their  peak  values  at  different  altitudes  and 
balance  the  miss  distance  effects  by  increasing  the 
overall  angular  accuracy  requirement  of  the  seeker 
optical  components. 


The  aetkiet  IFOV.  the  optical  ’beamwkhh* 
given  i^roadixiately  by  k/D,  k  peifa^  the  moat 
impoitant  patameter  for  the  aeeker  deaign.  Its  value 
deteimmes  the  angular  measuranent  aooiracy.  the 
vdume  oi  space  that  can  be  obaerved  without  a-jmning 
or  steering,  the  aoqukitioo  range  for  a  givn  detector 
senaitivity  and  the  image  reaolution  for  extended 
targets.  A  small  BPOV  k  dented  to  improve  range 
perftMmance,  ar^ar  accuracy  and  reaolution  and  to 
decrease  the  amount  of  collected  badeground  radiatioa 
from  the  window  and  boundary  layer.  A  small  IFOV 
will  requite  a  moveable  «r.«nntiig  elonent  so  that  the 
IFOV  can  be  steered  to  search  for  the  target  over  the 
seeker  field  of  regard  (refer  to  Rgure  2)  and  for  line-ofr 
sight  stabilization. 

A  fiindamental  tnde-oS  for  the  aeeker  and 
vehicle  design  k  shown  in  Rgute  16  where  the  required 
angular  accuracy  and  dosed  loop  guidance  re^ronse 
time  ate  balanced  for  a  given  tms  mks  distartce,  taken 
here  as  0.1m. 


FIGURE  16  Total  Seeker  Angle  Noke  vs  Guidance 
Response  Hme  for  Constant  NCss 

Ibe  angular  measurement  noke  k  composed  of  seeker 
measurement  noke  at  high  S/N  aixl  jitter  from  AO 
effects  and  structural  vibrations.  Combfoatkms  of  angle 
noke  arxi  terrorise  time  which  fall  on  or  below  these 
curves  will  support  the  mks  distance  requirement. 
However,  it  k  bmt  to  choose  values  ehkh  are  near  the 
nee  of  these  curves  to  provide  robustness  to  hardware 
and  environmental  uncertainties.  A  total  angle  noke 
budget  of  0.2  mrad  (la)  and  a  guidance  response  time 
of  less  than  30  msec  appear  reasonaUe  for  thk  mission. 
For  preliminary  design  purposes  one  half  the  total  an^e 
noke  budget  can  be  ascribed  to  the  seeker  and  its 
processing  algorithms.  Taking  the  tracking  accuracy  of 
the  seeker  as  IFOV/2  implies  that  the  IFOV  should  be 
between  100  and  200  mrad.  The  seeker  collecting 
aperture  D  becomes  about  3.S  cm.  A  mote  detailed 
discussion  of  the  mks  dktatKe  due  to  seeker  noke  k 
presented  in  the  Appendix. 


La  order  to  {uovide  long  raitge  mtereepts  widi 
sde  and  tear  coverage  the  KV  must  support  acute 
et^agemettt  geometries.  The  engagement  crossing 
ar^e  k  d^ned  by 


Thk  k  ilhistrated  in  Hgure  17.  Small  crossrt^  an^es 
imi^  that  a  very  large  sedeer  FOR  would  be  required 
if  the  KV  must  fly  at  zero  angle  of  attack  (a).  One 
approach  to  teliew  the  stressing  FOR  requirements 
allows  the  KV  to  orimt  itsdf  near  the  line-of-sight.  or 
to  fiy  at  a  constant  trim  an^e  of  attack  as  shown  in  the 
figure.  Oearly,  thk  approach  k  only  ^jf^aUe  at  hi^ 
altitudes  where  the  aerodyrramic  lift  forces  will  be  small. 
Figure  18  dKiws  the  maximum  trim  a  and  relative 
velocity  as  a  ftirtctkm  of  the  crossing  angle.  The 
resulting  drag  acceleration  of  a  representative  KV 
destga  flying  at  a  trim  an^e  of  attack  of  90*  k 
presented  in  Figure  19e4iich  indicated  that  thk  concqit 
k  feasible  above  50  km  altitude.  Ibere  k  another 
advantage  to  orienting  the  vehicle  center  line  near  the 
line-(^-si^t  direction.  The  most  efficient  use  of  the 
divert  control  thrusters  k  normal  to  the  line-of-si^t 
Therefore,  a  greater  initial  mks  didance  can  be 
removed  for  the  smaller  crossing  angles  with  thk 
concept. 


the  Ifigh  Altitude  Interceptor 


Reoq  (km) 


FIGURE  20  Maneuver  Level  and  AV  Requirements  vs  Seeker  Range 


Controls  Subsystem 

Homing  operations  at  altitudes  above  2S  km 
require  the  use  of  rocket  thrusters  placed  about  the 
veUcle  c.g.  Ihe  major  requirements  adii^  size  the 
propulsive  control  subsystem  are  shown  as  a  function  of 
seeker  acquisition  range  in  Figure  20.  Longer 
ac(]uisition  range  allows  more  time  to  remove  the  initial 
heading  error  but  also  requires  greater  detector 
sensitivity  and  dynamic  signal  range.  In  addition,  a 
longer  homing  time  will  require  more  window  cooling 
fluid  which  inmases  the  mass. 

The  divert  control  sub^stem  mass  can  be 
estimated  as  follows.  Ihe  AV  requirement  was  shown  to 
be  about  4(Xka/s.  The  propeflant  mass  is  given  by. 


M,  -  AVMo/gI„  (4) 


ahere  M,  s  propellant  mass 
I,p  ^peci&  impulse 
a  KV  initial  mass. 

Ihe  subqrstem  mass  fraction,  ky,,  a  defined  as  the 
ratio  of  propeflant  mass  to  total  control  subsystem  mass 
Le.,  kyf  »  Nfp/M(.  Therefore, 

Me  -  -  AVMo/gl^  (5) 


The  divert  syston  mass  as  a  function  of  kyr  is  given  in 
Figure  21  for  a  propeflant  I,,  of  25Ga  aixl  28Qb.  The 
KV  initial  mass  is  taken  as  20  kg. 


FIGURE  21  Divert  Subsystem  liffan  Trades 


Another  impcHtant  param^r  fisr  the  divert 
^em  is  the  minimum  impulse  bh,  is  the 

product  of  the  thrust  and  the  minimum  "on*  time  for 
the  divert  thruster  and  win  have  a  mtyor  impact  on  the 
minimum  adiievable  miss  distance.  The  can  be 
estimated  by, 

^  (6) 


where  =  1  sigma  miss  requirement 

.M,  s  KV  mass 

T,  s  thruster  reqronse  time. 

Taking  the  1  «r^  as  0.1m  and  r,  as  10  msec,  the  = 
40N-S, 

The  attitude  control  subsystem  (ACS)  is 
somevdiat  more  difScult  to  size,  because  it  is  used  to 
stabilize  as  weU  as  orient  the  airframe  and  is  therefore 
dependent  on  autopilot  bandwidth  tequhements.  For 
a  strapdown  seeker  configuration  the  ACS  wiU 
requir^  to  hdp  stabilize  the  iineK>f>sigfat  ang]e  to  the 
target  and  prevent  rapid  body  rotations  vdien  the  divert 
thrusters  are  on.  For  preliminary  design  estimates  a 
good  ”rule*of*thumb”  is  to  require  the  response  time  of 
the  ACS  thrusters  to  be  about  one  half  that  of  the 
divert  thrusters  and  the  1.^  for  the  ACS  should  be  1/50 
of  the  divert  ^em. 

Aerodvnaiwicic/Aerothermal 

There  is  a  traditional  desire  for  interceptors  to 
have  low  drag  configurations.  This  is  so  the  resulting 
dow  down  won’t  ^ipear  as  a  target  maneuver  and 
increase  the  intercept  time  uncertainty.  However,  use 
of  the  on-board  accelerometers  and  an  appropriate 
guidance  law  can  compensate  for  evmi  large  drag 
values.  Low  drag  usually  implies  a  "sbarp”  nose  shape. 


A  diaip  nose  results  in  high  heat  transfer  rates  to  the 
sedter  window  and  aft  bo^  sections. 

The  heat  transfer  rate  to  die  KV  body  is 
inveiady  pioportiooal  to  the  square  root  of  the  nose 
ndhis.  A  bhinter  nose,  large  nose  ratfius,  leaves  more 
of  the  drag  energy  in  the  bow  diock  wave  resulting  in  a 
lower  energy,  dow  speed  boundary  layer.  The  boundary 
layer  will  be  thidter,  but  it  win  have  leas  turbulence  and, 
therefore,  leas  AO  jitter  and  attenuation.  More  energy 
or  pressure  gradients  across  the  shockwave  win  result  in 
a  greater  boresight  error,  hi  addition,  the  lower  heat 
transfer  associated  with  blunt  nose  configurations  win 
reduce  the  required  mass  of  thermal  protection 
materials  on  the  aft  KV  sections.  The  advaiitages  and 
disadvantages  Uunt  nose  shapes  are  summarized  in 
Tables. 

TaUe  3  Comparison  of  Blunt  vs  Sharp  Nose  Suqpe 
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The  static  staUlity  of  the  airfimne  is  an 
important  dedgn  consideration  for  intercept  altitudes 
less  than  40  km.  A  smaU,  static  margin  is  desired  to 
minimize  the  ACS  mass  and  control  thrust,  but  enough 
aerodynamic  stabflity  is  needed  so  that  the  airframe  v^ 
rotate  quickly  into  the  resultant  wind  direction  after  a 
c.g.  thruster  firing.  An  unstaUe  configuration  will 
require  a  larger  amount  of  ACS  ftiel  just  to  stabilize  the 
KV  in  the  presmioe  of  atmo^herk  turbulence,  high 
altitude  winds  and  to  off-set  thruster  misalignment 
torques.  Ifthe  static  margin  is  made  too  large,  the  ACS 
must  overcome  large  aerodynamic  restoring  forces  in 
order  to  turn  the  vehicle.  These  considerations  are 
shown  notkmally  in  Figure  22.  The  figure-of-merit  used 
for  the  airframe  is  the  open  loop  retynnse  titne  which 
is  a  measure  of  the  time  required  for  the  KV  to  return 
to  a  zero  an^e-of-attack  condition  after  a  disturbance 
torque  has  occurred. 


IM«kwanli 
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Table  4  Major  Contributon  to  Mi«  Diitaiioe 
(By  Compoiieat^Sub  S^atem) 


Guidance 

A  number  of  issues  exist  for  passive  homing 
guidance  of  hypersonic  KVs.  Ihe  use  of  optimal 
guidance  laws  is  desired  to  reduce  the  achievable  miss 
distance.  Theae  laws  require  an  eaqdkit  target  state 
estimatkn  and.estimate  of  time  to  go.  An  Extended 
Kalman  Filter  (EKF)  can  be  devised  to  estimate  the 
targets  inertial  poshion  and  velociQr  using  only  the 
bearing  at^e  information  availaUe  from  &e  sedcer. 
These  filters  typically  need  a  relatively  high  value  for 
the  target  line-of-si^t  angular  rate  and  ac^eration  to 
yield  good  accuracy.  However,  the  homing  guidance 
attempts  to  drive  these  values  to  zero  vdiich  partially 
defeats  any  advantages.  Also,  the  choice  of  guidance 
coordinate  ^em  is  a  design  parameter.  The  use 
ofpdar  (R,  AZ,  EL)  versus  cartesian  (X,  Y,  Z)  systems 
is  a  potential  area  for  study. 

The  guidance  system  engineer  attempts  to 
design  a  guidance  and  control  policy  which  is  robust  to 
the  various  known  noise  and  bias  sources  and  is  also 
insensitive  to  additional  unknown  enon  whidi  m^  be 
presmit.  Individual  componoit  dengners  must  attempt 
to  minimize  the  sources  atxl  magnitudes  of  the  errors 
within  the  available  tedmology.  In  this  a  reliable 
and  more  rugged  weapon  system  will  emerge.  The 
migor  contributors  to  miss  distance  from  eadi  of  the 
primary  kill  vehide  componmits  is  presmted  in  TaUe  4. 
Ihe  relative  contribution  of  each  source  to  the  total 
miss  budget  is  also  ghmi.  The  seeker  and  guidance 
filter  irni^ementation  will  usually  account  for  about  70% 
of  the  total  miss  distance. 

A  more  detailed  discussion  of  the  miss 
distance  sensitivities  to  various  error  soinees  is  found  in 
the  ^)pendix  for  a  representative  endo-atmoq)beric  kill 
vehicle. 
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Summary 

Anumber  (^general  design  consideratioDS  and 
trade-offr  were  presented  formodem,  hypersonic,  endo- 
atmo^berk  interceptors.  Several  tedmicai  areas  were 
covered  induding  the  seeker,  aerodynamics,  guidance, 
propulsioa  and  controls.  There  are,  of  course,  many 
other  qfstem  and  sub^stem  trade-ofi6  and  analyses  that 
are  required  before  a  conc^  can  trandtion  into  a 
hardware  design.  It  is  hoped  that  the  analysis  and 
general  principles  presented  will  aid  the  tedmology 
^redalists  in  urxierstanding  the  requirements  and 
preliminary  design  process  and  the  often  competing 
consideratioas  ahi^  are  a  part  of  a  balanced  loll 
vehide  configuratioo. 


APPENDIX:  MISS  DISTANCE  SENSlTIVlllES 


IntegnUon  and  batandng  of  a  mknle  qntem 
design  is  a  fonnidaUe  and  complex  task.  Eadjr  in  the 
design  process  mi^r  guidance  and  control  parameteis 
must  be  known  to  ensure  the  best  poasibie  and  nMst 
efBcient  system,  the  final  miss  dstance  between  a 
homing  missile  and  its  target  is  dw  fimdamental 
measure  of  ^stem  performance  and.  therefiore, 
techniques  for  estimating  miss  distance  are  essential  to 
the  analysis  and  design  process. 

A  comfnehensive  pre-design  analysis  of  a 
missile  guidance  syston  must  indude  statistical 
disturbances  sudi  as  noise,  seeker  and  inertial  errors, 
random  initial  oondhkns,  s^ropriate  lags  and 
re^xmses,  and  effects  of  significant  non-lineaiities  such 
as  saturations  and  deadbands.  A  typical  guidance  and 
control  study  attempts  to  balance  the  m^r  variaUes 
that  effect  foe  miss  distance  so  that  foe  best  overall 
performance  is  achieved. 

Monte-Cario  6  Degree-of-Freedom  (6-DOF) 
models  are  foe  most  common  means  for  generating  miss 
distance  statistics  of  non-linear  systema.  However,  this 
method  invdves  integrating  comprfoensive  equatkms  of 
motion  over  hundreds  of  repetitions  and  then  ^culating 
foe  statistics  fitxn  foe  ensemUe  data.  The  Monte  Carlo 
simulation  method  provides  foe  highest  confidence  level 
forfoe  nonlinear  guidance  syston  evaluation.  However, 
due  to  extensive  a  prior  assumptions  and 
approximations,  and  foe  cost  in  terms  of  computer 
resources  and  time,  it  is  not  an  appropriate  method  for 
conducting  preliminary  design  analysis. 

As  an  alternative  to  complex  6-DOF 
simulations.  Covariance  Propagation  is  a  method  to 
statistically  propagate  foe  error  (covariance)  matrix  of 
foe  ^em  state  variaUes  as  a  function  of  time.  This 
method  enaUes  access  to  foe  statistical  values  of  foe 
^em  states  at  any  time  during  foe  computer  ruiL  The 
covariance  propagatitm  technique  is  naturally  suited  to 
trade  off  a^  parametric  studi^  which  fiin^n  more 
efficiently  with  fast  turn  around  times  and  produces  foe 
required  miss  distance  estimates  in  significantly  fewer 
computer  nms  than  foe  Monte  Carlo  method. 

Implementation  of  foe  covariance  propagation 
tedmique  is  strai^t  forward  due  to  foe  direct 
correlation  to  foe  classical  Mode  diagram  representation 
of  foe  guidance  and  control  ^em.  This  direct 
correlation  enables  engineers  to  interpret  and  modd  foe 
^stem  easily. 

Digital  guidance  computer  representations  atxl 
state  estimation  filters  are  aim  easily  induded.  Non¬ 
linear  functions  are  incorporated  using  statistical 

h 


linearizstioa  techniques.  These  reasons  point  to  the 
covariance  propagation  tedmique  as  a  very  viable  and 
more  efficient  alternative  to  6-DOHi  for  prdiminaiy 
design  and  sniattiviqr  studies. 

The  covariance  propagation  tedmique  is  baaed 
upon  the  representation  of  a  dynamic,  time  varying 
^stem  with  stochastic  inputs  by  foe  vector  differential 
equation 

^t)  -  F(t)x(t)  ♦  ji(t)  (A-1) 

Where: 

X  intern  State  Vector 

IL  a:  White  noise  vector  with  ^rectral  density 

Matrix  Q 

F  s:  System  dynamics  Matrix. 

The  forcing  function  can  represent  the 
control  inputs  as  well  as  foe  random  disturbances,  and 
other  noise  sources  that  act  on  foe  ^mn.  The 
functions  are  taken  to  be  uncorrelated  in  time  for  ease 
of  implementation.  Randmn  inputs  dictate  that  the 
^stem  states  must  be  random  variables. 

The  F  Matrix  contains  foe  partial  derivatives  of  dx/dt  (x) 
with  respect  to  foe  states  x.  The  covariance  matrix  P(t) 
of  foe  ^stmn  state  variable  is: 

P(t)  =  (A-2) 

E{  ]  s  Expectation  Operator 

"T”  supra  script  s  Matrix  Tranqrose 

The  covariaiKe  propagation  equation  for  foe  system  of 
Equation  (A-1)  is: 

P  =  F(t)P(t)  +  P(t)F(tf  +  Q(t)  (A-3) 

Equation  (A-3)  is  also  known  as  foe  linear 
variance  equation  or  Riccati  matrix  equation.  The 
solution  of  equation  (A-3)  by  numeral  integratkm 
provides  foe  foundation  for  foe  covariance  propagation 
tedmique.  The  diagonal  elements  of  P(t)  are  foe 
variances  of  foe  state  variaUes.  The  off  diagonal 
elements  of  P(t)  are  foe  covariances  and  rei»esent  foe 
correlation  between  foe  different  state  variaUes. 

Consequently,  equation  (A-3)  will  yield  an 
exact  solution  for  linear,  time  varying  ^sterns,  whereas 
foe  Monte  Carlo  method  yields  only  approximate 
solutions.  The  accuracy  of  foe  Monte  Carlo  method  is 
dependent  upon  foe  number  to  trial  samfdes,  with  an 
in&ite  number  requited  for  a  precise  solution.  By 
integrating  the  covariance  equation  (A-3),  a  direct 
method  of  analyzing  foe  statiAical  properties  of  g  are 
availaUe  in  a  single  computer  run. 


Ao  inteioeptor  nuKile  doigDed  for  operations 
in  the  stmoqffoeie,  can  aattme  a  variety  of 
configurations.  Tlie  se^er  can  be  ghnhaied  or 
atnqxiown,  the  air  frame  can  be  ^pinning  or  non 
spinning,  the  diveit  qntem  can  be  aerodyne  or  thruster 
based.  N(^  fitters,  signal  procesaois,  aeekma,  DdUs, 
and  derivative  networks  can  be  impieinented  arith  analog 
circuits,  distal  computers,  or  combinations  of  analog 
and  digital  components.  A  simplifind  homing  guidance 
^stem  Mock  diagram  is  drown  in  Figure  A-1  adiich 
depicts  the  representative  elements  of  kinematics  and 
dynamics. 


and  is  neglected. 

The  modd  fat  the  KV-target  kmematjcs 
aasiinwa  that  the  closing  velodty  (V^)  and  range  rate 
(R)  win  remain  constant  during  the  homing  portion  of 
the  •ngpgMueiit-  The  KV  aooderatioo  is  delivmed 
normal  to  the  LOS  vector  and  does  not  contribute  a 
eb—y  to  die  R. 

The  guidance  fimction  can  be  thought  of  as  two 
cascaded  ftmctions;  noise  filtering  or  state  estimation 
and  the  controL  The  fitter  fimction  provides  estimates 
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For  our  purposes,  we  developed  a  model 
representative  of  the  present  concepturi  light  weight 
configurations  currently  enjoying  popularity.  The 
homing  kill  vehicle  has  strspdown  passive  seeker  and 
inertial  rate  sensor.  The  control  ^on  is  composed  of 
lateral  thrusterssince  the  operational  envelope  consisted 
of  altitude  parameters  from  IS  to  80  km.  The  divert 
mechanisms  are  arranged  in  cruciform  about  the  KV 
center  of  mass  with  attitude  contrd  thrusters  to  adjust 
the  KV  orientatioiL 

The  seeker  measures  the  angular  position  of 
the  line  of  sight  (LOS)  with  reflect  to  the  seeker 
boresight  axis,  taken  here  to  be  the  KV  longitudinal  axis. 
The  measured  quantity  e  is  added  to  the  perceived  KV 
inertial  orientation  ang^e  $  to  form  the  inertial  LOS 
an^e  k.  The  seeker  measurement  errors  considered  are 
instrumentation  noise,  BSES  and  jitter. 

The  target  was  moddled  as  a  purely  ballistic, 
non^aneuvering  RV  acted  upon  only  gravity  or  as 
a  maneuvering  RV  with  small  perbutations  iri  trajectory, 
but  not  evasive  maneuvers.  Fbr  relatively  short  homing 
times,  the  apparent  acceleration  of  the  target,  due  to 
gravity  gradients  between  the  KV  and  RV,  will  be  small 


of  the  parameters  vdiich  are  used  in  the  control  or 
guidance  law.  The  control  refers  to  the  acceleration 
developed  by  the  control  ^em  in  le^xmse  to 
commands  derived  from  the  guidanoe  law. 

The  filter  fimction  is  modeled  in  the 
continuous  case  as  a  simple  noise  filter  with  time 
constant  T^  and  a  derivative  network  also  with  time 
constant  Tn. 

In  the  present  study,  proportional  navigation  is 
the  guidanoe  law  due  to  its  ease  of  implementation  and 
use  with  a  passive  seeker  use.  Proportional  navigation 
is  expressed  mathematically  as 

Ac  -  NVgi 


vbere  Ac  is  acceleration  command  normal  to  the  LOS 
and  in  the  plane  defined  by  the  Vc  vector  and  the  LOS 
vector.  N  is  the  guidanoe  gain  the  A.  is  the  LOS  angular 
rate. 


Hw  thniKer  q/ttem  it  modaifld  M  a  fint  Older 
lagtrantferfimctioa.  Diwrt  tfanHten  an  limited  in  dw 
amount  of  aooeleratioo  that  can  be  dcweloped  ibr  a 
given  vehkle.  Tbemfixe,  aooeieratioo  laturmioa  may 
occur  during  an  engagement  Thitiaturationnpwtentt 
a  significant  non-lineariqr  m  die  qfstem.  hi  addition, 
duint  moton  haw  a  mininmni  thi^  level.  No  action 
it  taken  by  the  control  qpitem  if  the  command 
acceleration  it  leat  than  the  minimom  throtde  level. 
This  situation  it  npiesented  in  die  model  as  a  dead 
band  {rius  a  limiter.  Hie  attitude  control  qfstem  it 
modded  as  a  fint  order  lag  transfer  flmction  for  the 
actuate  and  a  second  order  transfer  ftmction  for  the 
aiifirame  response.  The  cqiabilily  to  use  thiusteis  and 
aenxontrois  separately  or  in  unison  it  also  included. 
Ihe  model  is  shown  in  bkxfc  diagram  form  in  Rgure 
A2. 


triangle  it  not  doted  and  mc'  mce  results.  The 
projected  or  virtual  mitt  data  .)  is  given  by 

kf(g  -  (A.7) 


The  final  migs  distance  h  defined  as  the  point  of 
mmimiim  separatkm  between  the  KV  and  its  target. 
Ihe  intercept  geometry  is  shown  in  Figure  A-3.  If  the 
KV  is  homing  perfectly  the  final  mist  Mp  is  zero,  and 
the  intercept  trian^e  is  dosed.  Ihe  inteioept  conditioa 
is  givmi  as 

VMSinL  -  VTShtA  (A-5) 

or 

VcSinA  -  VjfSin^  (AO 


where  the  subaci^  indicate  values  at  the  time  t, 

(Ro  *  R(to))>  M(le)  >*  would  occur  at  the 

pimt  of  dosest  approach  ifno  further  action  it  taken  by 
the  KV  after  time  V.  Ihe  proportional  navigation 
guidance  law  attempts  to  force  intercept  to  occur  at  the 
pmnt  on  the  target’s  trqectoiy  where  the  closest  point 
of  approach  would  have  occumd  in  the  absence  of  any 
homing  diverts  by  the  interceptor. 

Since  a  CP  program  is  completely  time 
oriented  it  is  impintant  that  the  most  accurate  value  of 
the  actual  homing  time  be  obtained.  Equation  (A*S)  is 
e:qnessed  in  terms  of  the  piojected  mist  distance  at 
acquisition  and  provides  the  most  accurate  homing  time. 


If  the  KV  is  not  homing  perfectly  then  the  inteioept 


TF  -  ^-llS  /  Vc 

RefuTBig  to  Rgure  A-3,  the  commend 
aoodentiom  am  nomial  to  the  LOS  and  hi  the  ptaoe 
defined  by  VC  and  LOS.  FcMranan-maneuwering  taigat 
thia  fdane  win  not  rotate  in  speoe  daring  die 
ragagMnent.  A  two  dhnensioaal  analjm  ia  piatified 
where  the  X  azia  ia  defined  akxig  the  initial  LOS  and 
the  Y  azia  ia  in  the  inteicept  plane.  Therefore,  foe 
kinematic  model  for  the  CP  program  can  be  reatricted 
to  the  Y  dhnenaion. 

MODEL  PARAMETERS 

Parameteis  that  efEect  the  moa  diatanoe 
perfcamanoe  of  a  homing  miaaile  guidance  control 
^stem  are  varied  and  many.  The  ezamplea  preaented 
are  not  taken  from  any  specific  intetoeptor/l^  vehide 
but  are  representative  of  foe  nu^  of  values  that  may  be 
of  interest 

The  primary  variablea  adiicli  effect  the  miss 
distance  of  an  aoatniospheric  kffl  vehicle  are  foe  seeker 
noise,  foe  noise  filter  time  constant  thecontrd  reqxmse 
time  constant  and  foe  contrd  limitations  such  as 
mazimum  aoceleratioa  and  dead  bands.  For  foe 
sensitivities  discussed  here,  the  following  values  were 
chosen  as  representative  of  a  KV: 

Qosing  Vdocity  (VC)  »  8,000  mA 

Missile  Vdocity  (VM)  -  3,300  m/i 

Time  of  Flight  (TOP)  =  2-4  seconds 

Filter  Time  Constant  s  .Q2/.04 

Effective  Navigation  Ratio  (N)  »  3 

Interceptor  Mass  (M)  =  13  kg 

Altitude  of  Operatioa  (ALT)  s  20,000  m 

Computationd  Time  Constant  (TL)  »  .003s 

DaU  Rate  (DR)  »  lOa  20a  300  HERTZ 

Actuator  Time  Constant  (TD)  =  .01 

Instrumentation  Noise  (SIN)  » .0001  -  .001  radians  (la) 

Receiver  Ndse  (STN)  =  .0001  -.001  radians  (la) 

Jitter  (SJN)  ^  .001  radians 
Acoderation  Limit  (KL)  s  200  m/^ 

Dead  Band  (DB)  a  lO  m/^ 

Target  Maneuver  (TAR)  »  10  - 100  m/^ 

Lead  Angle  (L)  s  0 . 180 

Airframe  Rotational  Tune  Constant  (TA)  .1 


Thruster  Time  Constmh  (TT)  *  .02 
Boieaiglit  Error  Slope  (KR)  <■  0 
Boteaiglit  Error  Slope  Due  ■  0 
To  Angie  Attack 
Ai«le  of  Attadk  (ALPHA)  «  0 
Miarile  An^  (THETA)  ■>  0 
Normal  Force  Lift  Slope  (CNA)  «  2 
Reference  Area  (SR)  -  .031 

TRADES 


Figures  A-4  -  A-9  depict  foe  results  of  the 
analyses  performed  to  date,  ezpwssed  in  the  dimensions 
of  tte  fi^  miss  distance  (20). 

Figure  A-4  shows  the  dassic  trade-<^  of  rms 
misB  distance  as  a  function  of  foe  seeker  Jitter  Noise. 
VariaUe  values  were  used  as  described  above  with  the 
ezceptioa  of  the  receiver  noise  and  the  instrumentatioa 
noise  vriiicfa  were  hdd  to  0.  Fourdififeremcornbinatiaas 
of  two  different  data  rates  and  two  dififerent  filter  time 
constants  were  used  to  obtain  these  curves.  Also,  a  2 
second  homing  time  was  chosen  as  representative  for 
this  engagement.  As  indicated  by  the  Figure,  the  misB 
is  a  strong  ftmction  of  the  jitter  noise  and  data  rate. 
The  filter  time  constants  also  infiuenoe  foe  misB  but  not 
to  foe  eztent  of  foe  jitter.  A  dioice  of  100  for  foe  data 
rate  atxl  .02  for  the  filter  time  constant  results  in  a  one 
a  miss  distance  of  .1  meter. 


Figure  A-3  shows  that  the  tradeH)ff  between 
miss  as  a  ftmction  of  the  data  rate  and  the  filter  time 
oonatanL  Values  for  all  other  variables  were  the  same 
as  in  Figure  A-4,  with  the  eicq>tion  of  SIN  ediich  was 
set  at  a  nominal  .01  mr  to  stimulate  the  qfstem  and  SJN 
and  SIN  ediich  were  set  to  zero.  Increased  data  rates 
decrease  the  nns  miss  distance  in  this  case,  but  as  the 
figure  depicts,  little  benefit  is  gained  at  data  rates  over 
300.  A  data  rate  of  100  would  meet  the  .1  meter  Itr 
miss  requirements  if  a  first  filter  time  constant  were 
used.  Rgute  A-6  shows  the  trade-off  between  mks  as  a 
functioo  of  the  range  dqrendent  noise,  data  rate  and 
filter  time  constant 


Figure  A-7  shows  the  trade-off  between  miss  as 
a  fimctioo  of  target  maoeuvn’,  filter  time  constant,  and 
the  data  rate.  Sa  difbreot  combnudioos  of  the  filter 
time  constant  and  data  rate  were  esjrfored  lor  thia  study. 
As  eipected,  fimter  data  rates  and  filter  time  oonstants 
provide  better  tma  miss  distance  as  a  tuk.  However,  fi>r 
case  in  wfaidi  the  filter  time  constant  was  .02  attd  the 
data  rate  was  lOOi  a  counter  intuitive  |foen«netu  was 
dx3wn  to  ezist.  Ihis  case  actually  sup^ied  better  mks 
distances  at  lower  values  of  target  maneuver  than  cases 
with  the  same  filter  time  constant  and  high  dma  rates. 

Ihe  lower  data  rate  acted  as  an  artificial  filter 
to  smooth  the  lower  values  of  target  manmiver  and  at 
the  hi^er  values  of  target  maneuver  the  low  data  rate 
reduced  the  miss  distance  capalnlity  as  e]q)ected.  Higher 
data  rates  and  fiister  filter  time  constants  can  improve 
miss  distance  to  some  degree,  however,  improving  these 
factors  is  not  sufiSdent  against  hi^y  maneuveraUe 
targets. 

Figure  A-8  shows  the  trade-(^  of  rms  miss 
distance  as  a  function  of  the  boresight  error  slope,  the 
filter  time  constant,  and  the  data  rate.  Figure  A-8 
indicates  that  a  sli^tly  positive  boresight  error  slope 
results  in  a  reduced  miss  distance.  However,  results  not 
shown  indicate  the  miss  readies  a  minimiim  around  .04 
positive  boresight  error  slope  and  incteases  rapidly  as 
the  boresight  error  slope  continues  to  increase. 

BUDGETTS 

Sensitivity  trades  performed  determined 
characteristic  limits  for  qiecific  variables  within  the 
modd.  For  the  final  run,  the  variable  values  which  were 
determined  to  provide  the  least  amount  of  final  miss, 
thereby  resulting  in  the  best  design,  were  combined  into 
a  sin^e  configuration.  This  optimized  configuration  was 
used  to  perform  miss  distance  studies.  A-2  second 
flyout  was  shnulated  determine  miss  distance  at  impact. 
Figure  A-9  dqiicts  the  one  a  miss  distance  plotted  as  a 
functkm  of  time.  The  final  miss  value  at  J  meters. 
Additional  runs  are  planned  with  this  modd  to  further 
characterize  the  modd  with  the  noise  input  cqitimized. 

SUMMARY 

A  straight  forward  method  was  presented  for 
performing  preliminary  miss  distance  sensitivity  analysis 
and  to  construct  a  qrstem  error  budget  Several 
numerical  examples  were  shown  indicating  gm|eral 
trends  for  a  representative  hypervelodty  homing  miisfle 
using  a  passive  seeker. 
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